ABSTRACT: Zinc is the trace element involved in more biological functions than any other micromineral in the nutrition of the newly weaned pig. Its role in growth via protein synthesis and antioxidant defense makes it a key nutrient in the diet of the newly weaned nursery pig for maximum lean tissue growth and health. In this study, 500 pigs (5 pigs/pen) were weaned at approximately 18 d of age and fed 0, 25, 50, 75, or 100 mg/kg of Zn supplied as organic or inorganic Zn or 50 mg Zn/kg combination with 50% Zn from each source. Pigs were killed at 0, 10, and 35 d of the study to determine mineral tissue concentrations and antioxidant activity in the liver and the amount of metallothionein (MT) protein in the liver, duodenum, and jejunum. Growth performance did not differ for the pigs supplemented with Zn but were greater than those fed the basal diet with no added Zn (P ≤ 0.05). Hepatic Zn concentration was numerically maximized with 75 mg/kg of organic Zn, but 100 mg/kg of Zn of inorganic Zn was necessary to achieve a similar concentration. At d 10, Mn superoxide dismutase in pigs fed no supplemental Zn was lower than when pigs were fed organic Zn (P ≤ 0.05). Hepatic MT responded in a linear manner with organic Zn (P ≤ 0.01) and pigs fed the basal diet had less than those supplemented with Zn (P ≤ 0.01). Duodenal MT was greater at d 10 with organic Zn (P ≤ 0.01) than pigs fed the basal diet, and at d 35, there was a linear response to both organic and inorganic Zn (P ≤ 0.01). As expected, jejunal MT was reduced compared to this protein in the duodenum. The provision of Zn at 50 mg/kg from either source resulted in greater jejunal MT than when Zn was fed as a combination of both sources at the same concentration (P ≤ 0.05). Our data indicate that the needs of the nursery pig, that is, Zn requirements for health and wellbeing, have changed since the data used to establish the 2012 Nutrient Requirements of Swine (NRC, 2012) was published. Organic minerals are shown in this study to be managed biologically in a different manner than inorganic Zn (sulfate) in the young pig. The newly weaned pig, while changing nutritional sources and physical environments, has extremely high biological demand for antioxidant defense. Our data show that to maximize growth, health, and well-being, 75 mg/kg of organic Zn in a complex nursery diet benefits today's fast growing pigs with a very high lean tissue composition.
INTRODUCTION
Parakeratosis-abnormal skin health-was a sign of Zn deficiency that puzzled swine researchers for some time. Pigs whose feed was in contact with galvanized buckets did not show these skin lesions, and ultimately Tucker and Salmon (1955) found that the lack of Zn, especially if Ca was high in the diet, was the cause of this skin disorder, which was accompanied by depressed feed intake, growth, and reproduction (Luecke et al., 1957) . When corn-and soybean oil meal-containing diets were fed to pigs weighing approximately 15 kg, they estimated the Zn requirement to be 50 mg/kg. Smith et al. (1962) reported that 3-wk-old pigs fed a dried skim milk-based diet needed 16 to 22 mg/kg Zn and those fed soybean oil meal-based diets containing the same amount of Zn needed an additional 50 mg/kg Zn. Thus, the impact of phytic acid in soybean meal on Zn availability to the pig was validated. This appears to be the work used to establish the NRC (1998, 2012) Zn requirements for the nursery pig. However, swine nursery diets, sources of Zn, and nursery pig growth potential have changed. Limited data (Martin et al., 2011) indicate that all these likely influence the Zn needs of the nursery pig.
Currently, there are many forms of Zn available for use in nursery diets. Although Zn oxide is used as a pharmacological agent, typically, Zn sulfate is used as an inorganic source. The availability of organic sources for dietary supplementation has become popular in the market place in the last 20 yr. However, data on the comparison of organic and inorganic Zn sources in nursery diets are limited. Schlegel et al. (2013) used metaanalysis and reported that the bioavailability of organic to inorganic Zn forms ranged from 85 to 117% and that innate Zn in feedstuffs has limited value to the pig. The genetics in the swine industry today have a much greater potential for lean growth accretion than those previously used in the evaluation of Zn needs in nursery pigs. Therefore, the goal of our research was to determine the source and concentration of Zn required by the nursery pig of today's genetics for adequate growth performance, Zn status, antioxidant status, and metallothionein (MT).
MATERIALS AND METHODS
The animal performance study was conducted and tissues were collected at The Ohio State University Swine Farm. The experimental use of animals and the procedure followed for management, the collection of tissues, and the euthanasia procedures were approved by The Ohio State University's College Animal Care and Use Committee (Institutional Animal Care and Use Committee protocol number 2010AG0004).
Experimental Design and Treatments
This experiment evaluated the effects of increasing concentrations of dietary Zn provided in an organic or inorganic form or both to complex nursery diets fed in 2 phases (0 to 10 d and 10 to 35 d postweaning). The experiment was conducted as a 2 × 4 factorial arrangement of treatments + 2 in a randomized complete block design in 10 replicates. The treatments were the addition of organic or inorganic Zn at concentrations of 25, 50, 75, and 100 mg/kg diet. The additional treatments were a trace mineral non-Zn fortified negative control basal diet and a diet containing both inorganic and organic Zn with each Zn form added at 25 mg/kg diet (50 mg/kg total). The organic Zn source is Zn chelated to soy protein hydrolysates (Bioplex Zn; Alltech Inc., Nicholasville, KY), while inorganic Zn was provided as Zn sulfate.
A total of 500 crossbred ([Yorkshire × Landrace] × PIC [line 280]; PIC, Hendersonville, TN) pigs were allotted (5 pigs/pen) at weaning (18 ± 2 d) to the 10 dietary treatments based on BW, ancestry, and sex. Pens contained plastic-coated expanded metal floors (0.375 m 2 per pig), a stainless steel nipple waterer, and a 4-hole stainless steel feeder. Pigs were weighed at 0, 10, and 35 d postweaning with feed intake determined for the 0 to 10 d and 10 to 35 d periods.
Diet Composition
Complex nursery diets comprising corn, soybean meal, soy protein concentrate, dried whey, and plasma protein were formulated to meet or exceed NRC (1998) nutrient requirements except for the Zn (Table 1) . Because commercial macromineral sources generally contain high concentrations of microminerals, especially Fe and Mn, refined sources of Ca and P (Ca carbonate and Na dibasic phosphate) were used to prevent interactions of the contaminants with the utilization of Zn and the other trace minerals. The remaining trace minerals added to all diets were provided as inorganic salts, except Se that was added as selenomethionine in yeast protein (Sel-Plex; Alltech Inc.). The amount of trace minerals (except Zn) added per kilogram diet during both phases (0 to 10 d and 10 to 35 d postweaning) were 6 mg Cu, 0.14 mg I, 80 mg Fe, 4 mg Mn, 0.20 mg Cr, and 0.30 mg Se. Thus, diets for each phase were formulated to meet the nutritional needs of the pig according to NRC (1998) except for Zn. Phytase was added as 1,000 phytase units (Ronozyme; DSM Nutritional Products, Basel, Switzerland)/kg. The analyzed innate Zn content of the basal diets for the 0 to 10 d and 10 to 35 d periods was 56 and 54 mg/kg, respectively. Analyzed dietary Zn concentrations (Table 1) reflect the innate Zn (basal) and the innate and Zn additions in the treatment diets.
Tissue Collection Methods
At weaning, tissues from 6 randomly selected pigs from 3 litters were collected. At 10 d postweaning, 1 pig/ pen was selected randomly (6 replicates/treatment), and at 35 d postweaning, 1 pig/pen was selected randomly (8 replicates/treatment). Pigs were electrically stunned and killed by exsanguination followed by the immediate removal of tissues. At both kill days (10 and 35 d of treatment), the complete liver was collected from half of the pigs and only 1 lobe (same across treatments) for the remaining half. Hence, total Zn per organ is expressed in only half as many pigs as the concentration of Zn in the liver at this time point. Hepatic and small intestinal tissue from pigs killed at d 10 and 35 were processed and frozen in liquid N for determination of MT and activities of the enzymes Cu/Zn superoxide dismutase (SOD), Mn SOD, and glutathione peroxidase (GSH-Px). Hepatic, cardiac, and renal tissue were collected, rinsed, and weighed for all pigs and frozen for later determination of DM and mineral concentrations.
Laboratory Analytical Methods
Diet samples for all treatments and phases were finely ground (Cyclotec 1093; Tectator, Höganäs, Sweden) using a 1-mm screen. Organic material was destroyed by nitric and perchloric acid digestion (Shaw et al., 2002) , and samples were analyzed for Cu, Zn, Mn, and Fe concentrations using inductively coupled plasma methodology (PS 3000; Teledyne Leeman Labs Inc., Hudson, NH) with appropriate standards (Plasma Pure; Teledyne Leeman Labs Inc.; Plasma Cal; SCP Science, Champlain, NY). After samples were wet ashed in nitric and perchloric acids, Se was determined with the fluorometric method (method 996.16; AOAC International, 2000) , and peach leaves and bovine liver of known Se content from National Institute of Standards and Technology (Gaithersburg, MD) served as organic standards.
Livers, heart, and the kidney were ground through an industrial meat grinder (Hobart 4812; Hobart Corp., Troy, OH) using a number 12 die. Samples were mixed and reground. Subsamples were collected and placed in plastic petri dishes, sealed with tape to prevent moisture loss, and frozen (-20°C). The grinder was dismantled, washed, and dried between samples. Tissues were freezedried and then finely ground (Model WF2211212; Warring, Torrington, CT). Dried samples were wet ashed in nitric and perchloric acids and analyzed for Cu, Zn, Mn, and Fe concentrations using inductively coupled plasma spectroscopic technology. After mineral analysis, their concentrations were calculated to a wet tissue basis with percent DM reported in the respective tables.
Liver GSH-Px activity was determined by the method of Paglia and Valentine (1967) with modifications by Lawrence et al. (1974) . The Cu/Zn SOD and Mn SOD activities were determined from the inhibition curve for each sample when the amount of supernatant resulted in 50% inhibition of autoxidation of pyrogallol (Marklund and Marklund, 1974; Hill et al., 1999) . Protein concentrations were determined by the Lowry method (Lowry et al., 1951) .
Statistical Analysis
Data were analyzed as a randomized complete block design with repeated measures using the PROC MIXED procedure of SAS (SAS Inst. Inc., Cary, NC). The individual pen was the experimental unit for the performance measurements, while the individual pig was the experimental unit for tissues, enzyme, and MT assays at d 10 and 35 (1/pen) postweaning. The enzyme and tissue mineral concentration data determined at weaning 4 Phytase was added as Ronozyme (1,000 phytase units (FTU)/kg; DSM Nutritional Products, Basel, Switzerland).
5 Calcium carbonate, chalk (C63-10) was obtained from Fisher Scientific (Pittsburg, PA). 6 The trace mineral premix added as mg/kg of diet: 5.4 Cu (sulfate), 0.12 I (iodate), 100 Fe (sulfate), and 4 Mn (oxide). 7 The organic Se premix obtained from Alltech Biotechnology, Inc. (Nichlosville, KY) was added to provide 0.30 mg Se/kg diet. 8 Organic Zn (BioPlex; Alltech Biotechnology, Inc., Nicholasville, KY) was supplemented to the diets to provide 25, 50, 75, and 100 mg Zn. The analyzed Zn concentrations (mg/kg) in the diets from 0 to 10 d were 56, 82, 117, and 123, respectively. The analyzed Zn concentrations (mg/kg) in the diets fed from 10 to 35 d were 54, 73, 101, and 111, respectively. 9 The diet containing the combination of organic and inorganic Zn had an analyzed Zn concentration (mg/kg) of 70 for the 0 to 10 d diet and 100 for the 10 to 35 d diet.
10 Inorganic Zn (Zn sulfate) was supplemented to diets to provide 25, 50, 75, and 100 mg/kg. The analyzed Zn concentration (mg/kg) for diets as-fed from 0 to 10 d was 56, 63, 93, and 132, respectively are considered as constant initial observations and are not included in the statistical analysis of variance, but the differences from d 0 to d 10 and 35 were analyzed. Data were analyzed using the following model:
in which Y ijk = the dependent variable, r i is the random effect of the ith replicate (i = 1,…, 8), T j is the fixed effect of the jth treatment (j = 1, …, 10), D k is the fixed effect of kth day postweaning (k = 1,…, 35), and ε ijk is the residual error ~N(0, σ). Polynomial regression contrasts were determined for the 5 Zn levels (0, 25, 50, 75, and 100 mg/kg) for each Zn source separately. The effect of Zn source was also evaluated. The basal diet was contrasted to both the average of the organic and the average of the inorganic treatments. The combination treatment containing 25 mg Zn from both sources (50 mg/kg of total supplemented Zn) was contrasted to both the organic and inorganic treatments containing 50 mg Zn separately. Probabilities in the text are presented as P < 0.05 or P < 0.01.
RESULTS AND DISCUSSION

Growth Performance
Pigs fed the basal diet (56 mg Zn/kg) had a lower ADG than pigs fed diets supplemented with Zn regardless of source, concentration, or days on trial (quadratic, P ≤ 0.01) indicating that the addition of 25 mg/kg of Zn to the innate Zn of the diet was adequate for growth from weaning until 35 d postweaning (Table 2) . Although 56 mg/kg Zn (basal diet) might be adequate in a semipurified diet with no phytase and limited nutrient interactions, it did not meet the pigs Zn needs in a complex nursery diet similar to those fed in the United States. Pigs fed the basal diet in this study had a greater ADG than nursery pigs fed a similar diet in the earlier work by Martin et al. (2011) . However, pigs supplemented with Zn in this study did not have as great an ADG as those of Martin et al. (2011) , who fed 50, 100 or 150% of the NRC (1998) recommended Zn. Sun et al. (2009) reported that pigs weaned at 28 d and fed 0, 60, or 120 mg/kg of Zn in a corn/soybean oil meal diet did not show a growth response to Zn. Early work (Smith et al., 1958) showed that 41 to 46 mg/kg of dietary Zn was necessary to prevent parakeratosis and increase daily gain and feed consumption.
The ADG in the first phase not only responded to the addition of Zn but resulted in a quadratic response to the addition of either organic or inorganic Zn (P ≤ 0.01). This resulted in a quadratic response in ADG for the entire study (0 to 35 d) for the addition of either inorganic (P ≤ 0.01) or organic Zn (P ≤ 0.01). During the initial phase, there was a linear response to organic Zn (P ≤ 0.01) in G:F. Feed efficiency for the 35-d study showed quadratic response to the addition of inorganic Zn (P ≤ 0.01). The ADG was maximized numerically 1 Comb. = combination of 25 mg/kg from organic and 25 mg/kg from inorganic sources.
2 Each pen contained 5 pigs (50 pigs/treatment).
3 Polynomial regression analysis of inorganic Zn levels (0, 25, 60, 75, and 100 mg/kg; quadratic, P < 0.01).
4 Polynomial regression analysis of organic Zn levels (0, 25, 50, 75, and 100 mg/kg; quadratic, P < 0.01).
5 Polynomial regression analysis of organic Zn levels (0, 25, 50, 75, and 100 mg/kg; linear, P < 0.01).
at 75 mg/kg of Zn with the feeding of organic Zn but at 100 mg Zn/kg when inorganic Zn was fed. To refine the Zn requirement relative to Zn source, smaller increments will need to be fed. Pigs fed either organic or inorganic Zn for 10 d of dietary treatment had numerically improved G:F compared to pigs fed the equal amount of Zn from the combination treatment. The negative impact of combining Zn sources on feed efficiency has not been well researched, especially in the young pig. Although studies on Zn needs of newly weaned pigs that are 18 to 21 d of age are limited, older literature clearly reports that factors affecting Zn absorption include phytate (inositol hexaphosphate and pentaphosphate), other mineral elements such as Fe and Cd, protein source and amount, and amino and organic acids (Lewis et al., 1956; Smith et al., 1962; Pond et al., 1966; Shanklin et al., 1968; Dahmer et al., 1972; Lönnerdal, 2000) . Hence, when complex diets for newly weaned fast-growing nursery pigs contain plasma proteins, red blood cells, dried skim milk, whey, and soy protein products, dietary Zn needs may be altered because of the varying availability of Zn in these feedstuffs. Additionally, the Zn content of the neonatal pig is affected by the dam's Zn dietary concentration (Hill et al., 1983a) . Soybean meal and many Ca and P sources contribute analyzable Zn to nursery diets, but it may not be available to the nursery pig (Rincker et al., 2005b) . Therefore, the Zn needs of nursery pigs must consider the diet of the dam, the Zn contamination of feedstuffs, and mineral sources, but the ability of these Zn forms to be absorbed and utilized is not known.
Tissue Mineral Concentrations
Hepatic Minerals. Although Zn concentration and source were the only differences in the treatment diets, after 10 d of dietary treatment, the Mn concentration in the liver of pigs (Table 3) fed the 50 mg Zn/kg from a combination of organic and organic sources in the diet was greater than the concentration found when either 50 mg/kg Zn from organic or inorganic Zn per kg of diet was fed (P ≤ 0.05). Martin et al. (2011) reported a quadratic response in hepatic total Mn and Mn concentration when comparing results from pigs fed a basal complex nursery diet with no added Zn to pigs fed either 50, 100, or 150% NRC (1998) requirements of Cu, Fe, Mn, Se, and Zn. Hill et al. (1983d) reported that the hepatic Mn concentration was greater in pigs from sows fed 5,000 mg/kg Zn compared to those from sows fed 50 or 500 mg/kg of supplemental Zn. However, the neonates of sows fed 5,000 mg/kg supplemental Zn had similar hepatic Mn concentrations as those from sows fed no added Zn. Rincker et al. (2005a) reported that newborn pigs had 2 times as much Mn in their whole body than 13-d-old pigs that were given a placebo or Fe injection at 13 to 15 h of age. In this study, no changes were observed for Mn concentration in the liver at 35 d postweaning, even though dietary Fe concentrations were lower and Mn concentrations were greater in the diet that was fed from 10 to 35 d vs. 0 to 10 d. Therefore, the known Mn and Zn interaction appears to be affected by source of Zn and age of the pigs and could be related to the Fe concentration that is known to interact with Zn (Hill et al., 1983d) .
At 10 d postweaning, total Mn, the concentration of Zn, weight of the liver, the liver's percent of BW, and concentration or total amount of other minerals (Ca, P, K, Na, Mg, S [data not shown], Cu, Fe, and Se) did not differ by the treatment because of Zn concentration or source. The total Zn in the liver after 10 d of dietary inorganic Zn was linear (P ≤ 0.05). After 10 d of dietary intervention, pigs fed the basal diet with no supplemental Zn had lower total hepatic Zn than pigs fed supplemental organic Zn or inorganic Zn (P ≤ 0.05) while consuming approximately 200 g of feed each day. The concentrations of Zn in the liver were similar to that observed by Rincker et al. (2005a) At termination of this study (35 d), the total amount and concentration of the minerals that were determined in this study did not differ in pigs fed the Zn supplemented diets, except for cubic response of total Cu and Cu concentration to organic Zn (P ≤ 0.05) and total Zn and Zn concentration in the liver, with a linear response (P ≤ 0.01) to organic Zn and inorganic Zn (P ≤ 0.01). Pigs fed the basal diet had lower total hepatic Zn (P ≤ 0.05) and hepatic Zn concentrations (P ≤ 0.01) than those fed organic Zn or inorganic Zn, regardless of level. This indicates that the total dietary Zn in the basal diet (54 and 56 mg/kg) is not adequate to provide Zn reserves in the primary Zn storage organ, the liver, when Zn is provided in either form. However, at 35 d, 75 mg/kg of organic Zn is required to increase numerically the concentration of Zn in the liver to maximum concentrations (linear, P ≤ 0.01) compared to 100 mg Zn/kg required from an inorganic source (sulfate) to numerically increase the Zn concentration (linear, P ≤ 0.01). Therefore, the results indicate the greater availability of the organic Zn to serve metabolic functions in the nursery pig than the inorganic Zn (sulfate), with the main effect of Zn level (P ≤ 0.01). Pigs fed the diet supplemented with a total of 50 mg/kg from a combination of organic and inorganic Zn had similar hepatic Zn concentrations to pigs fed diets supplemented 50 mg/kg of either an organic or inorganic source (41 vs. 48 and 43 mg/kg, respectively). Rincker et al. (2005b) reported that in a 2-phase, 14-d study, pigs fed no additional Zn had hepatic Zn concentrations similar to pigs fed 50 mg Zn/kg in this study (52 vs. 48 mg Zn/kg, respectively). This was similar (46 mg Zn/kg) to the hepatic Zn concentration reported by Martin et al. (2011) in a 2-phase, 35-d study when 100 and 80 3 Mean of 6 pigs/treatment group. 4 Organic and inorganic sources at 50 mg/kg Zn were different from the combination treatment (P ≤ 0.05).
5 Inorganic source at 50 mg/kg Zn was different from the combination treatment (P ≤ 0.05).
6 Basal diet was different from both organic and inorganic sources regardless of Zn level (P ≤ 0.05).
7 Polynomial regression analysis of inorganic treatments 0, 25, 50, 75, and 100 mg Zn/kg (linear, P ≤ 0.05).
8 Mean of 4 pigs per treatment group. 9 Polynomial regression analysis of organic treatments 0, 25, 50, 75, and 100 mg Zn/kg (linear, P ≤ 0.05).
10 Polynomial regression analysis of inorganic treatments 0, 25, 50, 75, and 100 mg Zn/kg (quadratic, P ≤ 0.05).
11 Mean of 8 pigs/treatment group.
12 Polynomial regression analysis of organic treatments 0, 25, 50, 75, and 100 mg Zn/kg (cubic, P ≤ 0.05). 13 Basal diet was different from both organic and inorganic sources regardless of Zn level (P ≤ 0.01).
14 Polynomial regression analysis of organic treatments 0, 25, 50, 75, and 100 mg Zn/kg (linear, P ≤ 0.01).
15 Polynomial regression analysis of inorganic treatments 0, 25, 50, 75, and 100 mg Zn/kg (linear, P < 0.01). 16 Main effect of Zn level, P < 0.01.
17 Basal diet was different from inorganic source regardless of Zn level (P = 0.03).
18 Polynomial regression analysis of inorganic treatments 0, 25, 50, 75, and 100 mg Zn/kg at 35 d postweaning (cubic, P ≤ 0.05).
mg/kg of organic Zn was fed. In the present study, Zn concentrations in the liver at d 35 of the study were numerically similar when 75 mg/kg of supplemental organic Zn was fed (63.35 mg/kg) or when 100 mg/kg of inorganic Zn was supplemented (64.91 mg/kg). Therefore, these data provide additional observations indicating the differing availability of the sources for metabolic function. Similarly, Sun et al. (2009) , who fed a corn-soybean meal diet with whey and fishmeal, found that hepatic Zn increased from 48 to 55 mg/kg when dietary Zn was supplemented at 0 and 60 mg/kg, but it decreased to 51 mg/kg when 120 mg Zn/kg was added as Zn sulfate in a 28-d study. These data reinforce the idea reported by Rincker et al. (2005b) that the pig loads the body with Zn to meet its needs and then increases its excretion of Zn. Therefore, the Zn concentration in the liver is not reflective of dietary concentration but serves as a monitor of usefulness to the body until maximum storage is achieved. Liver weight, when expressed as the percent of BW, was not altered by dietary treatment in a limited number of observations. However, there was a linear response to organic Zn (P ≤ 0.05) and a quadratic response to inorganic Zn (P ≤ 0.05) in total liver weight. This is similar to the observations of Hill et al. (1983d) who reported that the dams of pigs fed 0, 50, 500, or 5,000 mg/kg of Zn in their first or second parity did not alter the liver weight as a percent of BW of their offspring.
After 35 d of dietary Zn treatment intervention, total and concentration of Ca, P, K, Na, Mg, S (data not shown), Fe, Se, and Mn in the liver were not different. However, total Cu as well as the concentration of Cu in the liver responded in a cubic manner to organic Zn (P ≤ 0.05). The suppression of Cu by high intakes of Zn may be responsible for the depression of Cu concentrations in the liver, which is similar to that observed by Hill et al. (1983c) .
Additionally, the total Se content in the liver of pigs was greater with inorganic Zn supplementation than those fed the basal diet (P ≤ 0.03). The inorganic Zn treatments resulted in a cubic response (P ≤ 0.05). These data may indicate that our source of inorganic Zn, sulfate, may have been contaminated with Se or absorption was altered.
Renal Minerals. After 10 d of feeding organic Zn, the renal Mn concentration was increased in a linear manner (P ≤ 0.01) in the second most important organ in Zn storage, the kidney (Table 4 ). The concentration of renal Zn increased linearly (P ≤ 0.01) when dietary organic Zn was fed and increased linearly (P ≤ 0.05) with inorganic Zn supplementation. Inorganic Zn did not alter renal Cu after 10 d, but the feeding of organic Zn resulted in a linear response with increasing renal Cu as dietary Cu increased (P ≤ 0.05). This bi-elemental increase in renal Cu and Zn confirms that the additional Zn absorbed by feeding organic Zn is metabolically active, resulting in an effect on Cu metabolism likely via MT. Therefore, the differences in renal Cu concentration because of feeding organic Zn in pigs, but not inorganic Zn, provide an additional indication of the differences in metabolic handling between the 2 dietary sources. After 10 d, there were no Zn effects on kidney weight, kidney percent of BW, or concentration of Se. There was a cubic response to inorganic Zn in Fe concentration in renal tissue (P ≤ 0.05) and a linear response in Mn concentration with organic Zn supplementation (P ≤ 0.01).
After 35 d, the kidney weight followed a linear pattern with organic supplementation (P ≤ 0.01). However, when kidney weight was expressed as a percent of BW, there was no difference due to source or Zn supplementation. The Na concentration was lower in renal tissue when 75 mg/kg of organic Zn and 50 mg/kg of inorganic Zn was supplemented in the diet compared to 50 ppm organic Zn, resulting in a source × level interaction (P = 0.05; data not shown). It is possible that because of the effect of Zn on Cu concentration in the kidney, the transport and storage of cations has been altered. The concentration of Fe, Mn, and Se were not altered by the dietary treatments from the 2 sources of Zn.
The renal Cu concentration after 35 d of dietary treatment followed a linear trend for organic (P ≤ 0.05) and inorganic sources (P ≤ 0.05) and also a quadratic response (P ≤ 0.05) to the inorganic Zn supplementation. There was a main effect of Zn level (P ≤ 0.05) with Zn supplementation with organic Zn increasing Cu concentration in the kidney compared to the concentration in the kidneys of pigs fed the basal diet (4.03 vs. 9.02 mg/kg; P = 0.05). Also, 50 mg/kg of organic Zn increased the renal Cu concentration compared to the combination treatment (P ≤ 0.05). Because there is a known Cu and Zn antagonism, the body may be retaining additional Cu in renal storage to compensate for Cu lost because of binding to MT and sloughing in the intestine. This effect on Cu concentration in renal tissue by Zn supplementation has been previously observed (Hill et al., 1983d; Rincker et al., 2005b) . As reported by Martin et al. (2011) , when Zn, Cu, Mn, and Se supplementation was increased from 50 to 150% of the NRC (1998) recommendations, the Cu concentration and total amount increased in the kidney (Martin et al., 2011) . As previously noted, feeding 50 mg/kg organic Zn increased (P ≤ 0.05) the concentration of Cu in the kidney compared to the Cu concentration that resulted from feeding the 50 mg/kg of Zn combination (25 mg/kg organic + 25 mg/kg inorganic Zn). The renal Cu concentration from feeding 50 mg/ kg of inorganic Zn did not differ from the Cu concentration from feeding the combination Zn treatment (P = 0.16). Therefore, the combination of the 2 sources is not metabolically equivalent to feeding just the organic Zn source, and, again, the ability of the body to save renal Cu is enhanced by organic Zn.
The concentration of Zn in the diet resulted in a linear response (P = 0.01) in Zn concentration in renal tissue after 35 d (Table 4) , resulting in a trend for total Zn and Zn concentration. The addition of 50 ppm of organic Zn increased renal Zn compared to the concentrations found when the basal, unsupplemented diet was fed (20.12 vs. 16.25 ppm). Both organic and inorganic Zn exceeded the basal diet's renal Zn concentration (20.67 and 18.35 vs. 16.25) . A quadratic response to increasing dietary Zn was observed by Martin et al. (2011) for total Zn and Zn concentration in the kidney of nursery pigs by increasing dietary Zn. However, Sun et al. (2009) did not observe an increase in renal Zn when dietary Zn was increased from 0 to 120 mg/kg. Feeding either organic or inorganic Zn sources at 50 mg/kg resulted in greater Zn concentrations in the kidney than when the combination diet (organic and inorganic) was fed (P ≤ 0.05). There was as linear response in Zn concentration (P ≤ 0.01) to both organic and inorganic Zn. Supplementing with Zn resulted in an increase in total Zn in the kidney, regardless of source, compared to the total Zn in the kidney of pigs fed the basal diet (P = 0.01). The regression response for total Zn 2 Mean of 6 pigs/treatment group. 3 No main effects (P ≤ 0.05) of Zn source, level, or source × level interaction. 4 Mean of 4 pigs per treatment group for kidney weight, % of BW, % DM, and total Zn content; mean of 8 pigs per treatment group for kidney mineral concentrations.
5 Polynomial regression analysis of organic treatments 0, 25, 50, 75, and 100 mg Zn/kg (linear, P ≤ 0.05).
6 Polynomial regression analysis of inorganic treatments 0, 25, 50, 75, and 100 mg Zn/kg (cubic, P ≤ 0.05). 7 Main effect of Zn level, P ≤ 0.05.
8 Polynomial regression analysis of organic treatments 0, 25, 50, 75, and 100 mg Zn/kg (linear, P ≤ 0.01). 9 Polynomial regression analysis of inorganic treatments 0, 25, 50, 75, and 100 mg Zn/kg (linear, P ≤ 0.05).
10 Basal diet was different from organic diets regardless of Zn level (P ≤ 0.05). 11 Polynomial regression source at 50 mg/kg Zn was different from the combination treatment (P ≤ 0.05).
12 Polynomial regression analysis of organic treatments 0, 25, 50, 75, and 100 mg Zn/kg (quadratic, P ≤ 0.05). 13 Main effect of Zn level, P ≤ 0.01.
14 Basal diet was different from both organic and inorganic diets regardless of Zn level (P ≤ 0.05).
15 Both organic and inorganic sources at 50 mg/kg Zn were different from the combination treatment (P ≤ 0.05).
16 Polynomial regression analysis of inorganic treatments 0, 25, 50, 75, and 100 mg Zn/kg (linear, P ≤ 0.01).
in the kidney was linear for organic Zn (P ≤ 0.01). The organic Zn treatment at 50 mg/kg was greater than the total Zn in the kidney of pigs fed the combination treatment. The amount of Zn in the kidney was increased (P ≤ 0.01). Cardiac Minerals. Cardiac tissue is protected from radical changes in mineral concentrations that are involved in the function of antioxidant enzymes that are essential for biological functions. As expected, the concentration of Cu, Fe, and Mn were not different regardless of dietary treatment after 10 d of the study (Table 5) . There was a linear response in heart weight (P ≤ 0.05) to the organic Zn treatment, but the percent of heart weight relative to the BW was not affected by Zn treatments. At 35 d, S concentration appears to differ (data not shown), and there was a source × level interaction for cardiac S concentration, with the organic treatments having a linear curve and the inorganic treatments being cubic. This may be due to the source of the organic Zn, which may provide additional S that the heart selectively stored. As expected, because if the known Zn and Fe interaction (Hill et al., 1983d) , as Zn increased in the diet regardless of source, Fe in the heart tissue decreased in a linear manner with organic (P ≤ 0.05) and inorganic Zn (P ≤ 01). This may indicate that the supplementation of Zn in the diet is necessary to prevent the accumulation of Fe in the heart that is known to occur in some human diseases such as nongenetic hemochromatosis (Gropper et al., 2009) . Antioxidant Enzymes. Weaning is known to be a stressful time for the young pig, and it is not known if the concentration or source of Zn in the diet will influence an enzyme's activity against oxidative stress. Superoxide radicals are used to kill bacteria, viruses, and other substances that the cell does not recognize; therefore, the body needs to be able to produce them. However, they can also damage the cell by the production ultimately of other reactive oxygen species. The SOD can be found extracellularly such as in blood vessels and the cytosol and mitochondria of the cell. Although SOD helps the body to rid itself of superoxide radicals, hydrogen peroxide is formed during the reaction. Hydrogen peroxide is a reactive oxygen species that moves throughout cells and may assist cells or cause damage. There are several forms of GSH-Px that require Se and reduced glutathione while removing hydrogen peroxide. This Se-requiring enzyme is found in plasma and the cytoplasm and mitochondria of cells. The SOD that requires Cu and Zn to function is extracellular and cytosolic. The second form of SOD that is found in the mitochondria requires Mn. Thus, Mn also acts as a co-factor in SOD to aid the body in oxidant defense but only in the mitochondria. However, when Mn SOD activity is reduced, the activity of Cu/Zn SOD and GSH-Px do not necessarily increase (Paynter, 1980) . The hepatic Cu/Zn SOD activity of pigs killed at weaning (n = 6) was 49.9 units/mg protein. The activity of Cu/Zn SOD after 10 d dietary Zn intervention was numerically greatest when 50 mg/kg of organic Zn was fed (Table 6) , and hepatic Cu/Zn SOD activity in animals fed 50 mg Zn/kg from the organic or inorganic sources (P ≤ 0.01) was greater than when a combination of the 2 sources provided the same amount of Zn (62.9 and 53.4 vs. 36 .1 units/mg protein, respectively). High dietary Zn, but not pharmacological concentrations, has been shown in rats to reduce the activity of Cu/Zn SOD, similar to what is observed in a Cu deficiency. The availability of Cu for the activity of Cu/Zn SOD is documented to be more important than Zn availability (Bettger et al., 1979) . Therefore, it is not clear why the suppression of Cu/Zn SOD activity in pigs fed the combination Zn diet occurred and was below that found in pigs fed no supplemental Zn in the basal diet (36.09 vs. 58.95 units/mg protein) when all diets contained approximately 8 mg/kg of Cu, which according to NRC (1998) should be adequate for this age pig. The activity of Cu/Zn SOD at 35 d was not affected by amount or source of Zn as seen in the early phase of this nursery trial.
In this study, Mn supplementation was equal in all diets (16.3 mg/kg). With increasing dietary concentrations of organic Zn, Mn SOD in the liver on d 10 was increased compared to that in pigs fed the basal diet (P ≤ 0.05; Table 6 ). Inorganic Zn did not increase the Mn SOD compared to the pigs fed the basal diet regardless of the amount supplemented. The activity in the pigs fed the basal diet at 10 d of dietary intervention was similar to that determined at the start of the study (weaning; 3.64 units/mg protein) and similar to that reported for pigs at 17 of age (3.5 units/mg protein) by Martin et al. (2011) . In their study, where organic sources of Zn, Cu, Mn, and Fe were supplemented at 50, 100, or 150% of the NRC (1998), they did not observe an increase in Mn SOD activity in the liver with increasing supplementation of multiple trace elements but observed a suppression compared to pigs not supplemented with those trace minerals.
Pigs fed no supplemental Zn (basal diet) had greater Mn SOD activity than those supplemented with organic Zn or inorganic Zn (P ≤ 0.01) after 35 d. The response to organic Zn treatments was linear (P ≤ 0.05) and cubic (P = 0.04), and the response to inorganic Zn was linear (P = 0.002). Paynter (1980) reported that Mn SOD activities are greatest in the liver, kidney, and heart with heart being depleted at a faster rate than the other tissues as the Mn status of the animals is decreased. The decrease in Mn SOD over time with the Zn-supplemented diets is not likely due to a change in Mn status but perhaps the greater need for oxidative defense in the 10-d period after weaning compared to later (10 to 35 d) in the nursery period. All diets were supplied with adequate Mn according to NRC (1998) .
The hepatic activity of GSH-Px did not differ within source or between sources. However, there was a cubic response after 10 d of supplementation with inorganic Zn (P ≤ 0.05). It would appear that Zn supplementation in this study did not interfere with the activity of GSHPx, a Se-requiring enzyme.
Metallothionein. Dietary Zn is converted to Zn 2+ and bound to ligands and chelates in the small intestine to be transported across the brush border into enterocytes by ZIP4, a Zn transporter. The Zn in the enterocytes can be used within the cells, stored in MT, or transferred across the basolateral membrane (Gropper et al., 2009) . Metallothionein is a small protein that contains a large number of S-containing AA (30% Cys residues) and serves as an intracellular binding ligand in addition to many other biological roles, including Zn trafficking and providing Zn to apoproteins (Davis and Cousins, 2000) . The liver is the primary storage organ for Zn. Hence, Zn and MT in the liver increase as the Zn concentration in the diet is increased if the body needs Zn for homeostasis, and the Zn form is available for absorption. In this study, after 10 d of Zn supplementation, inorganic Zn resulted in a linear response (P ≤ 0.01). This exemplifies the role of MT in capturing Zn. After 35 d of supplementation, there was a main effect of Zn (P ≤ 0.01) and the basal diet was lower for this Zn binding protein than its hepatic concentration found in all diets containing organic Zn (P ≤ 0.05). This difference was not observed with inorganic Zn. There was a linear response to supplementation with organic and inorganic Zn (P ≤ 0.01), and 50 ppm Zn from the combination treatment differed from just using a single Zn source (P ≤ 0.05).
The duodenum is the primary site for Zn absorption. Hence, increasing amounts of MT in the mucosa of this portion of the small intestine indicates that Zn is available for utilization by the animal. The shape of the response curve was linear after 10 d for organic Zn (P ≤ 0.01), and after 35 d, it was linear for both sources (P ≤ 0.01). There was no interaction between source and level, but pigs supplemented with organic Zn had more duode-nal MT after 10 d than pigs fed the basal diet. More importantly, supplementing with 100 mg/kg of organic Zn resulted in numerically more duodenal MT at d 35 than when any concentration of inorganic Zn or other concentration of organic Zn were fed. However, after 10 d of supplementation, the numerically greatest duodenal MT concentration occurred with only 75 mg/kg of organic Zn, This indicates that the need for Zn was greater at 10 d than at 35 d when more Zn was required for MT synthesis. Duodenal MT was approximately 2-fold the concentration of this protein in the jejunum, and jejunal MT did not increase as Zn increased in the diet. However, both organic and inorganic treatments providing 50 ppm sole source supplemental Zn had greater MT concentrations in the jejunum than pigs fed the basal diet (P ≤ 0.05). Carlson et al. (1999) were the first to report MT in the duodenum of the pig following pharmacological supplementation of the weanling pig diet with Zn oxide. After 2 to 3 wk of supplementation with 3,000 mg Zn/kg, the amount of MT protein was similar to what was observed in this study after 10 d with 75 to 100 mg/kg of organic Zn. As expected, after 4 wk of supplementation in the Carlson et al. (1999) study, the amount of MT protein in the first 15 cm of intestinal tissue was greater than when organic or inorganic Zn was fed at 25 to 100 mg/kg for the 35-d study. One of major biological roles of MT is to sequester excess cations such as Zn to prevent tissue damage and to aid in the fecal excretion of Zn by the sloughing of cells containing the MT bound Zn. Because of the limited role of the jejunum in Zn absorption, the amount of MT protein did not change with time and was similar to the amount reported by Carlson et el. (1999) after supplementation with 3,000 ppm of Zn for 1 wk. Pigs killed at the start of this study (n = 6) had more hepatic MT protein than pigs fed any concentration or source of Zn after 35 d. This amount of MT is not reflective of dietary concentrations because the concentration of Zn in milk after 21 d is approximately 50% of the concentration in colostrum (Hill et al., 1983b) . The amount of hepatic MT protein in pigs fed 3,000 mg/kg of Zn for 1 wk (Carlson et al., 1999) was half the amount in pigs fed the basal diet (no added Zn) or 25 or 50 mg/kg of inorganic Zn in this study. Thus, this indicates that a portion of the innate dietary Zn was being absorbed by the pig of this age after 10 d of no additional dietary Zn supplementation.
Similar amounts of hepatic MT protein resulted by feeding 75 or 100 mg/kg of organic Zn and 75 mg/kg of inorganic Zn. However, this response is not a mirror of what occurred in Zn deposition in the liver where both organic and inorganic Zn supplementation responded linearly as supplementation increased. This may be because MT binds other metals such as Cu and in fact preferentially binds Cu over Zn (Day et al., 1981) . The deposition pattern for Cu in the liver was very different for the 2 Zn sources. Pigs fed pharmacological Zn (Carlson et al., 1999) for 4 wk had more than twice as much hepatic MT protein than any pigs in this study regardless of source or dietary concentration. This reflects the biological role of MT in Zn homeostasis. The pattern of MT protein in the liver differed at 10 vs. 35 d regardless of source in this study.
Conclusions
This paper reflects that the improved laboratory technologies in the determination of enzyme activities, important metabolic proteins, and mineral concentrations in tissues and feedstuffs are important in more precisely defining the mineral requirements. In addition, the changes in production methods, including weaning age, genetics, mineral sources, and available feedstuffs, influence the amount of a Zn necessary to provide for maximization of health in the weaned pig. These updated methodologies and production practices were included in this experiment. Because 75 mg/kg of an organic form of Zn maximized duodenal MT, hepatic Zn and MT, and several antioxidant enzymes while providing equal performance, a new estimate of the Zn requirement of the weaned nursery pig is warranted.
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